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ABSTRACT

The future of robotic space missions is in ever-smaller platforms and MicroElectroMechanical Systems (MEMS) will be key
in this development. New measurement schemes may be required instead of brute-force miniaturization of current instru-
ments. Trade-offs between mass and sensitivity need to be addressed in mission planning. Suites of sensors may replace
large, highly sensitive macro-instruments. E.g. MEMS-based microgyros currently have higher drift rates than spinning mass
gyros used in Cassini-like missions, but used in conjunction with microaccelerometers, star-trackers or sun-sensors, provide
capable inertial navigation systems. Therefore, the “system” aspect of MEMS is essential for the trend towards micromis-
sions. Sensor interfaces must be designed for flight. Packaging likewise needs to be considered part of the system. CAD and
simulations tools will be required for the entire system: electronics, sensor (and/or actuator), and package. Thermal, mechani-
cal, and electrical analysis under harsh conditions will be required. For space applications, MEMS devices must be flight
qualified for vibration, shock, radiation, temperature, vacuum specifications and must meet reduced mass, power, and volume
budgets. MEMS reliability is essential for space applications. Long lifetimes, self-test, self-calibration, and potentially
evolvable systems need to be created. Packaging of MEMS must protect devices from harsh environments; packaging needs
to be included in sensor/actuator development.
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1. INTRODUCTION

It is increasingly difficult to find public support for the large-scale space missions, which have been typical of the previous
three decades. Reducing mission costs is key to the development of support for future missions and the science return they
can generate. The space science community is exploring many avenues for the reduction of mission costs, including interna-
tional cooperation on missions, increased spacecraft autonomy, smaller missions and spacecraft, reduced mission goals, etc.
The use of technological developments such as MicroElectroMechanical Systems (MEMS) is particularly attractive because
it provides an avenue for the reduction of mission costs without the sacrifice of mission capability.

How do MEMS fit into this development? MEMS provide the necessary tools for miniaturization of mechanical transducers
and actuators critical for science and engineering objectives while meeting the size limitations of this new class of micro-
spacecraft. Miniaturization of platforms to perform these measurements requires high performance, low mass/volume, and
low power.

Mass reductions are particularly important for mission cost reductions. For example, reducing the mass launched for an in-
terplanetary mission by a factor of 10X allows the use of a Delta II launch vehicle instead of a Titan IV B, a savings of ap-
proximately $400,000,000 U.S. dollars. This is a saving in launch costs alone. Reducing the overall mass budget of a mission
can be accomplished by reducing the instrument size using MEMS-based microinstruments. This not only reduces the in-
strument mass, but also reduces the support structure on which the instrument is bolted to the spacecraft. This spacecraft bus
is often the significant mass overhead of the spacecraft. Large mass reductions also enable the development of so-called “mi-
cro- and nano-missions”, which are being designed with more and more sophisticated science objectives, and are often being
launched in a “piggyback” configuration. In this mode, the micro-mission may be considered “ballast” for the larger primary
payload. In this case, every gram counts. Every bit of performance that can be squeezed from the subsystems (read MEMS)
is essential for the overall mission success.

This paper will review some examples of current missions which rely on MEMS for science measurements, highlight some
of the unique requirements of MEMS for space applications, explore some examples of current MEMS and the ways in
which MEMS can reduce mission costs, and finally, examine the ultimate in spacecraft miniaturization using MEMS tech-
nologies.
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2. MOTIVATION FOR MEMS IN SPACE APPLICATIONS: THE MICROMISSION
2.1 Mass and Cost Considerations

It is increasingly difficult to find public support for the large-scale space missions that have been typical of the previous three
decades. Reducing mission costs is key to the development of future missions and the science return necessary to excite the
public. One major way to reduce mission costs is to reduce launch costs. For example, reducing the mass launched for an
interplanetary mission from 7800 kg to 750 kg allow the use of a Delta II launch vehicle instead of a Titan IV B, a savings of
approximately $400,000,000 U.S. dollars. This is a savings in launch only! It might appear that using a MEMS device has
zero impact on the mass budget when considering a 750 kg payload, giving unlimited freedom in instrument design, but this
is not the case, in part because of the significant overhead of the spacecraft bus, which typically scales with the instrument.
Also, so-called “micro-missions” are now designed with more and more sophisticated science objectives, and are often being
launched in a “piggyback” configuration. In this mode, the micro-mission is often considered “ballast” for the larger primary
payload. In this case, every gram counts. Every bit of performance that can be squeezed from the subsystems is essential for
the overall mission success.

2.2 Mars Microprobe: Micro-mission Example

An excellent example of this new type of micro-mission is the Mars Microprobe, which was developed by NASA’s New
_—Millenium [check spelling of millenium] Program and launched on January 3, 1999. The Mars Microprobe pioneers a new
' era of “network science” in which multiple probes or microspacecraft are distributed throughout a planet (or space, or

throughout a crewed spacecraft) to monitor global meteorological, seismic, mineralogical, etc., phenomena. The Mars Mi-

croprobe, shown schematically in Figure X2, is composed of a forebody (<670 grams), tethered to an aftbody (~1.7 kg) and

protected through entry into the Martian atmosphere by an aeroshell capable of withstanding up to 3000°F. Two Micro-
probes will arrive with the Mars Polar Lander at the Red Planet on December 3, 1999. The Microprobes are slowed from
initial velocities of 7 km/sec to a final impact velocity of 200 m/sec by the non-ablative aeroshell, which also provides ther-
mal insulation. During the descent of the probe through the Martian atmosphere, a sharp deceleration caused by atmospheric
drag will be monitored by an Analog Devices single axis [actually a dual axis device which unfortunately has only one axis
connected] ADXL50 micromachined accelerometer in the aftbody. The acceleration data will provide performance data on
the aeroshell and give scientists clues to atmospheric density, temperature and pressure as a function of altitude. On impact
with the Martian surface, the forebody and the aftbody separate, with the forebody penetrating to a depth of 0.3 — 1 meter,
depending on the soil type, and the aftbody remaining with a few cm of the surface. The aftbody is designed to withstand an
impact of 60,000 G and the normal Martian temperature range of 0 to ~110C[not sure of exact number, but less than —80]. It
supports a primary lithium battery source, descent accelerometer, solar cell experiment, and telecommunications module. The
forebody measures the penetration impact, again with a MEMS-based accelerometer, in order to study the density and per-
haps striations in the Martian soil. It can withstand a 0 to-120C temperature range, and 30,000 G’s of impact deceleration.

The forebody houses a microcontroller, power electronics, a tunable diode laser experiment to search for water, a soil con-

ductivity experiment using thermistors and a sample collection drill and motor (See Figure X3). The overall mass of the

Mars Microprobe including the aeroshell is less than 3.6 kg, and the total power resource is approximately 9 W-hrs.

Figure X2 (a) Schematic of Mar Microprobe housed in a protective aeroshell. (b) Photograph of Mars Microprobe forebody
and aftbody.




Figure X3 Schematic of Mars Microprobe following penetration of Martian surface. The forebody is tethered to a aftbody at
the surface which communicates with the Mars Global Surveyor.

The Mars Microprobe is an excellent example of the direction of future space exploration and the potential role of MEMS in
this future. ‘

3. MEMS SPACE FLIGHT CONSIDERATIONS

3.1 MEMS Reliability

Outstanding advancements in MEMS device performance, mass, volume and power reduction, and overall system integration
have made MEMS key in the development of micro- and nano-spacecraft. However, rapid insertion of MEMS into space
applications will require parallel developments in MEMS reliability, packaging and flight qualification. To assist the MEMS
community in these developments, the NASA’s Jet Propulsion Laboratory (JPL) has produced the “MEMS Reliability Assur-
ance Guidelines for Space Applications.[R1] This is a comprehensive review of issues from MEMS processing and structures
to flight qualification of MEMS technologies. Highlights from this work are presented in this section.

MEMS device reliability is one of the most challenging areas in inserting MEMS into space applications. For example, de-
vice reliability is typically modeled using accelerated life-testing. However, since the failure modes in most MEMS devices
are not well understood, life-testing is not very useful. However, several areas of failure modes and mechanisms have been
defined and researched. These areas include both degradation failures and catastrophic failures. Some examples of failure
modes and mechanisms include:

s  Mechanical fracture (ductile, brittle, and intercrystalline) which is caused by stress to the device beyond its fracture

strength
« Fatigue which is caused by cyclical stressing of the part [R2]



¢ Stiction [R3] caused by the contact of two very smooth surfaces and often promotes adhesion by van der Waals
forces

e  Wear caused by adhesion, abrasion, corrosion, and/or surface fatigue when two surface rub against one another

o Delamination caused by process contamination or mismatches in thermal expansion coefficients (CTE’s) between
two adjacent materials

s Environmentally Induced Failures (vibration, shock, humidity, radiation, particulates, temperature changes, electro-
static discharge) [R4]-[R6]

¢  Stray Stresses inherent

s  Parasitic Capacitances

Many of these failure mechanisms can be understood through materials properties. However, bulk parameters do not pre-
cisely describe thin film parameters. In addition, thin film properties are process-dependent; but processes are generally a
function of system parameters, which vary from laboratory to laboratory. This complexity of current MEMS development
requires that processes as well as finished devices must be characterized and monitored carefully. This is often not the case
in the rapidly changing designs of the MEMS researcher. However, for space applications, this approach is critical.

MEMS reliability will also improve as design techniques and tools develop. Finite element analysis can be used to analyze
heat transfer, thermal stresses, thermal fatigue, and static and modal characteristics of a design prior to fabrication. This
analysis can now be incorporated into several commercial packages for circuit design. As models and simulations improve,
reliability of design will also improve.

3.2 MEMS Packaging

Reduction of size and cost of the space system requires an in depth look at packaging of MEMS devices. The package often
determines a primary mass contributor to the MEMS device as well as an efficient (or inefficient) signal (ac, dc, RF) and en-
ergy transfer to and from the MEMS device. Likewise, the MEMS package provides heat transfer to and from the device, as
well as protection from the environment, including radiation, humidity, mechanical, and/or electromagnetic protection. In
essence, the package must be considered part of the overall system design.

MEMS packaging efforts have typically followed semiconductor packaging technologies with mixed results. Metal packages
such as Cu/W (10/90), Silvar™ (a Ni-Fe alloy), CuMo (15/85), and CuW (15/85) are all excellent thermal conductors and
have coefficients of thermal expansion (CTE’s) compatible with silicon-based MEMS structures. Care must be taken, how-
ever, with metal packages to carefully remove any gases, such as H,O or H,, trapped during package fabrication. This is es-
pecially important for vacuum packaging of vibratory MEMS structures since device performance degrades under damping
conditions.

Other packaging options include ceramic packages, thin-film multilayer packages using polyimide laminates, and plastic
packages. Each type of package has its benefits and disadvantages in space applications. For example, a low temperature co-
fired ceramic (LTCC) package can be cured at lower temperatures than conventional ceramics; however, care must be taken
in choosing interconnection metals. Silver has been found to migrate during high temperature cycling and humid environ-
ments. Plastic packages, although inexpensive, are not hermetic and tend to crack in humid environments. Wafer-level
packaging technologies are a clear need in MEMS development for space applications, especially for vacuum packaging re-
quirements.

Die-attach is another critical factor in packaging of space MEMS. Solders, adhesive, and epoxies are typically used in MEMS
packages. The die-attach must have good thermal conductivity; mechanically support (with minimal stress) the device during
vibration, shock and acceleration; withstand thermal variations and possibly humid environments; and be compatible with
device performance (e.g. minimal outgassing properties when used with sensitive MEMS devices).

Interconnect technology has advanced beyond manual wirebonds to “flip chip” methodologies. IBM first developed the con-
trolled chip connection (C4), or flip-chip, in the 1960s. In this technology, solder bumps are used to connect wettable pads
on the chip and substrate. This technology has many advantages. For example, solder bumps are self-aligning structures
since only the chip pads are wettable. Likewise, built-in redundancy can minimize noise and improve fault tolerance. In
addition, this technique is inherently reworkable. Stress on the interconnections during shock, vibration, mechanical stress, or
thermal variations can be accommodated using chip underfill. Fluxless flip-chip methods have also been developed to im-
prove reliability and compatibility with vacuum packaging. [R7]



In the near-term, i.e. prior to full-scale integration of MEMS with a spacecraft, multi-chip module packaging strategies are
available and being improved. Multi-chip Modules (MCM’s) and High Density Interconnects (HDI's) [R8] have been used
for the integration of MEMS and electronics. Chip on Flex (COF) [R9]-[R10] has been modified to incorporate MEMS
structures.

The final factor in packaging MEMS structures is the incorporation of test chips. The Multi-User MEMS Processes
(MUMPS) [R11] offers test chips for surface micromachined structures. These chips include breakage detectors that monitor
stress on the die, and polysilicon resistors that monitor heat in the package. Other test chips can be used to monitor process
related issues such as stress in the layers or mask alignment. Similar test chips can be incorporated into bulk micromachined
designs.

3.3 Flight Qualification

Flight qualification of macroscopic instruments has typically followed a strict regime of design, process, device, subsystem,
and system verification and validation specific to launch vehicles and mission specifications. Although aspects of this meth-
odology can be applied to MEMS, time and cost considerations of new missions requirec new ways of flight qualifying
MEMS. As discussed previously, reliability is a challenging issue with MEMS. However, protocols [R1] have been devel-
oped which include process qualification, product qualification, product assurance, and company certification for commercial
venues. Process qualification includes such standards as parametric monitoring, design rule development, technology char-
acterization and standard evaluation test structures. Product qualification covers issues of design verification and product
characterization. Product characterization will likely include thermal and mechanical characterization, as well as ESD sensi-
tivity, voltage ramp, temperature ramp, and high/low temperature cycling. Additional testing may also be incorporated into
flight qualification depending on the mission environment. Extreme conditions and associated mission destinations are out-
lined in Table 1.

Table 1 Mission Specific Environments

Mars Venus Europa

Mean temperature

Thermal range

Radiation Environment

Corrosives

3.4 Summary

Much is still unknown in the area of MEMS reliability and current packaging technologies may be unsuitable for various
MEMS devices. For example, soil sample microanalysis systems must be in contact with harsh environments; this presents
special requirements for both life-testing and packaging. On the other hand, in vibratory devices Q-amplification of detected
signals is tightly coupled to damping factors and thereby requires highly reliable vacuum packaging. Therefore, continuous
development of MEMS reliability and MEMS packaging must be pursued in parallel with the outstanding advancements in
device performance; mass, volume and power reduction; and system integration.

4. AN EXAMPLE OF MEMS FOR SPACE APPLICATIONS:
MICRO INERTIAL REFERENCE SYSTEMS (LIRS)

Microspacecraft are 10-1000 smaller than Galileo or Cassini-type spacecraft. Therefore mass, volume, and power reduction
in the navigation system is critical. For historical reference, a Cassini Inertial Reference System (circa 1980, a hemispherical-
resonator gyroscope-based system developed by Delco/Litton) is 5 kg for 4 axes, ~28 X 20 X 10 cm’, ~18 Watts, with a
capture rate of 10 degrees/second (maximum rating), and a drift of 0.01 degrees/hour. In contrast, a MEMS-based micro-
inertial reference system (UIRS), shown conceptually in figure 1, is projected to have the following attributes:

low mass (<5.0g; 4,000 X reduction),

low volume (1cm x 1cm x 0.2¢cm; 90,000X reduction),

high performance (Microgyro goal: < 1 deg/hr bias stability, microaccelerometer goal: < 1 micro-g resolution),
low power consumption (< 0.2 Watt; 100X reduction),

inexpensive (< $10K; >>25X reduction),

long lifetime (>20 years; >2 X increase),

reduced electronics (1 chip; >10 X reduction),



o short turn-on time (< 1 sec),
e and radiation hardened.

Applications of the UIRS include small, low-cost spacecraft and satellites, micro-rovers, micro-probes, micro-aquatic mis-
sions, etc. Specific functions of this technology include attitude and maneuver control, pointing stabilization, and tumble
recovery are all potential applications of this technology.

Inertial Reference
UnitContainer
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Figure 1. Conceptual schematic of a micro inertial reference system (WIRS) for microspacecraft applications. MEMS-based
microgyros and microaccelerometers are controlled and monitored by a single-chip control ASIC.

To achieve the goals of a WIRS, MEMS-based vibratory gyroscopes [refs] have been demonstrated with drifts in the 1-100
degrees/hour range with <30 grams total mass, and with power consumption as small as 0.5 W for the entire package. One
such example of a MEMS microgyroscope is being developed at NASA’s Jet Propulsion Laboratory [references], with the
express goal of producing a flight qualifiable pIRS. The JPL microgyro is shown in Figure 2. This device is bulk micro-
machined entirely from silicon. The three main components are the “clover-leaf, the silicon baseplate and the silicon post.
The “cloverleaf is a symmetric structure with degenerate resonant modes about the x- and y-axes. The 4 petals of the “clo-
ver-leaf” also form a large area for electrostatic actuation and capacitive transduction of the drive and sensing modes, respec-
tively. The silicon baseplate is Auw/Au thermo-compression bonded to the support frame of the “clover-leaf” and also sup-
ports some sensor interface electronics to the external control system. The silicon post is assembled with the bonded “clover-
leaf”’/baseplate combination and produces a Coriolis force coupling between the drive and sensing modes (rocking modes
about the x- and y-axes) when there is rotation about the post axis (see schematic in Figure 2 for axes definitions). By de-
signing a minimal frequency shift between the two degenerate rocking modes, and driving the device on resonance, Q ampli-
fication of the sense single is possible. The device is sealed in a 10-100 mTorr environment for optimal performance.
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Figure 2. Scanning Electron Micrograph and corresponding schematic of JPL’s vibratory microgyroscope. The vertical post
is a Coriolis force transducer which causes a coupling between degenerate rocking modes (about the x and y axes) in the clo-
verleaf structure proportional to rotation about the z axis.



A block diagram of the microgyroscope under closed-loop control is shown in Figure 3. In this figure, the clover-leaf struc-
ture is represented by the dark squares. As described above, one of the degenerate rocking modes (e.g. about the x-axis) is
driven on resonance and referred to as the “drive mode.” This mode is monitored through the summing amplifier and fed
back into an automatic gain control to set peak-to-peak oscillations of the drive mode. The difference amplifier picks up the
“sense mode” (e.g. corresponding rocking mode about the y-axis) when there is rotation about the z-axis. This signal is typi-
cally small compared to the drive signal and is therefore monitored synchronously 90 deg out of phase with the drive signal
to eliminate deleterious effects of noise and parasitic capacitances. The advantages of this configuration include the simplic-
ity of the electronics, which are partly due to the symmetries in the mechanical design of the microgyroscope, the common-
mode rejection due to differential detection, and the overall Q amplification of the sense signal by driving the device on reso-

nance.

Figure 3. Block diagram of closed-loop electronics with JPL’s MEMS-based microgyroscope.

Test results for current microgyroscope designs are shown in Figures 2 and 3. A Green chart is shown in Figure 3. The
Green chart represents the standard deviation of a rotation rate measurement (square root of the Allan variance [ref] as a
function of time. From this chart, a bias stability of 9 degrees/hr, a random angle walk of 1.5 deg/rt hr.
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Figure 4. Rate Green Chart of JPL’s microgyroscope is a plot of the standard deviation (square root of the Allan variance) as
a function of integration time. The bias stability is 9 degrees/hr. The angle random walk (white noise) is 1.5 deg/rt hr.



5. THE FUTURE: “SYSTEM ON A CHIP”
1. Introduction
The future of micro- and nano-spacecraft may ultimately lie in what many are calling “System-On-A-Chip” (SOAC). At JPL,
a SOAC program has been developed to produce an autonomous avionics system that integrates a central processing unit,
memory storage, power management and distribution, telecommunications system, and sensors/actuators on a single silicon
chip. Integration of these subsystems is scheduled to reach single-chip format in the 5-10 year time frame. A second genera-
tion SOAC is shown in Figure S1. This chip was fabricated on MIT’s Lincoln Laboratory SOI CMOS line, and is 2.6 mm on
a side. Applications such as microprobes, nanorovers, and aerobots will all benefit from the mass, volume, and power reduc-
tions associated with these developments. In addition, intellectual property (IP) and function-specific libraries will be avail-
able for use is subsequent missions; offering the system engineer access to capable MEMS-based micro analytical labs and/or
control systems.

There are many challenges in SOAC development. For example, design techniques and tools need to be developed to ac-
commodate digital, analog, mixed signal, RF communication, and MEMS on a single chip. Likewise system simulations need
to model thermal, mechanical, and electrical characteristics of a system which includes not only those components listed
above, but also an integrated package, telecommunications, power and power management, and potentially multiple material
systems. Miniature power sources, and ultra low power devices and architectures likewise require revolutionary technology
leaps. Testing, packaging and reliability are critical when the entire system resides on a single chip.
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Figure S1. Design simulations of JPL’s second generation System On A Chip.

2. MEMS-based RF Communications

One of the most challenging tasks in SOAC is the miniaturization and integration of an RF communications system. In con-
junction with researchers at the University of Michigan, JPL has demonstrated several components of a planar, silicon mi-
cromachined, fully integrated, ultra low mass/volume RF front-end for X, K, and Ka-bands (10-40 GHz). The size reduction
possible with a MEMS approach is shown in Figure S2. Note for example that the RF front-end of the Cassini spacecraft
requires a footprint covering three bays. The future RF communications system on a chip requires 300g and 38 cm’.

MEMS Switch
Micromachined

Diplexer 0.75 cm

(b) 2cm SSPA

Figure S2 Present and future RF front-end technologies: (a) Cassini RF front-end takes up 3 bays while JPL’s MEMS-based
front-end is has a projected volume of 38 cm’.



A closer look at current RF technology based on waveguides is shown in Figure S3 that includes a schematic of the RF front-
end. The X-band front-end shown here has a mass of ~3.6 kg, and the total volume is ~2870 cm’.

Diplexer Uplink

° Waveguide
Transfer
Switch

Antenna

Figure S3 Examples of RF components in present-day spacecraft communications systems. (a) Schematic of X-Band front-
end and (b) corresponding X-band Diplexer: long dimension = 40.6 cm; (c) X-Band Waveguide Transfer Switch (WTS),
vertical dimension = 10.5 cm; and (d) Waveguide High- Frequency Transmission Line Technology: Shorter dimension is
10.5 cm

A fully integrated, ultra low mass/volume front-end fabricated using silicon micromachining technology can be built with a
chip size of 38 cm®, and a mass of <300g. In this design, circuit components are integrated in a silicon multi-layered structure
with micromachined, self-packaged interconnections. MEMS developments which allow this drastic miniaturization includes
a MEMS transfer switch, and micromachined resonator cavities for IF downconversion filters and diplexers. (Si/Ge power
transmitters complete the miniaturized design, but will not be addressed here. However, integration of several material sys-
tems and vertical MEMS building blocks re-emphasizes the needs for parallel efforts in reliability, packaging and flight
qualification.)

A schematic and corresponding SEM of the University of Michigan’s K-band switch are shown in Figure S4.[S1, S2] The
device is fabricated above a finite-ground coplanar waveguide (FGCPW) line [S3] and is designed in a single-pole, double-
throw configuration to minimize vibration and shock effects. Insertion losses of <0.2 dB at 20 GHz have been demonstrated
with a serpentine spring configuration. Likewise, this with this technology, isolation values of 30 dB up to 40 GHz are possi-
ble. Pull-in voltages, on the order of 14 V, are being reduced with improved spring designs.
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Figure S4 Schematic and SEM of University of Michigan’s MEMS K-band switch, operating




In addition to RF switching technology, micromachined High-Q resonators have been developed. An example of this tech-
nology is shown schematically in Figure S5 in #-D and cross-sectional views. These resonators have been demonstrated with
Q’s over 80,000 [S4} and a center frequency temperature coefficient of -10 ppm/°C. Two-resonator bandpass filters have
also been demonstrated [S2] up to 14.5 MHz insertion losses <1 dB, and % bandwidths of ~0.2%. This approach is very
promising in replacing conventional filters and diplexers in RF front-ends.

Coupling Slot

Figure S5. 3-D and cross-sectional schematics of University of Michigan’s micromachined resonator cavities.

The MEMS-based RF front-end will reduce current technology by a factor of 12X in mass, and a factor of 70X in volume
over conventional waveguide technologies. This enables lower cost missions, and ultimately produces an entire system on a
chip (SOAQ).

6. CONCLUSIONS

The reduction of mission costs requires substantial reductions in mass, volume, and power consumption. At the same time,
ever-more ambitious science objectives require miniaturization without loss of performance. MEMS enable this exploration
of space by producing miniature science and engineering devices that are potentially integrable with radiation-hardened elec-
tronics. Reliability, packaging and flight qualification of MEMS and their related systems are critical in fast insertion of
these breakthrough EMS technologies into space applications. The international space and MEMS communities recognize
this, and large efforts are being created to produce an exciting new era in space exploration.
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Figure 9. 3-D and cross-sectional schematics of University of Michigan’s micromachined resonator cavities.

The MEMS-based RF front-end system can potentially reduce current systems by a factor of 12 in mass, and a factor of 70 in
volume over conventional waveguide technologies. By producing a MEMS-based communications system, an entire
autonomous avionics system can be integrated on a monolithic cube structure. Future advances in submicron design rules,
mixed signal electronics, robust MEMS devices, MEMS interconnection technology, ultra-low power electronics, micro-
power sources, revolutionary system packaging, system designs for harsh environments, reliability and flight testing of a
fully integrated system architecture will enable SOAC technology in space applications. Each component is a research proj-
ect. However, SOAC development ultimately enables new classes of network science and nano-missions.

6. CONCLUSIONS

The reduction of mission costs requires substantial reductions in mass, volume, and power consumption. At the same time,
increasingly ambitious science objectives require miniaturization without loss of performance. MEMS enable this exploration
of space by producing miniature science and engineering devices that are potentially integrable with radiation-hardened elec-
tronics. Reliability, packaging and flight qualification of MEMS and their related systems are critical in fast insertion of
breakthrough MEMS technologies into space applications. The international space and MEMS communities recognize this,
and great efforts are being directed towards producing an exciting new era in space exploration.
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